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Abstract

In this paper, we propose a unified topic modeling ap-
proach and its integration into the random walk framework
for academic search. Specifically, we present a topic model
for simultaneously modeling papers, authors, and publica-
tion venues. We combine the proposed topic model into the
random walk framework. Experimental results show that
our proposed approach for academic search significantly
outperforms the baseline methods of using BM25 and lan-
guage model, and those of using the existing topic models
(including pLSI, LDA, and the AT model).

1 Introduction

Over the last several years, quite a few academic search
engines, such as Citeseer, Google Scholar, and Libra, have
been built to facilitate the online search over the huge vol-
ume of literatures. However, there are still many challeng-
ing issues: First, the information-seeking practice [5] is not
only about papers, but also about other information sources,
such as authors, conferences and journals, etc. Second, aca-
demic search typically requires much higher retrieval accu-
racy. Given a query, such as “data mining”, a user does not
typically mean to find papers containing these two words.
Her/his intention is to find papers on the data mining topic.
Additionally, these two issues are often intertwined.

Existing work has tried to address different aspects of
these issues. To rank different objects, random walk over
heterogeneous networks has been proposed [9][15]. How-
ever, these methods do not consider sub-topics of docu-
ments. In the meantime, several work utilizes the topic
model to improve the retrieval accuracy [6][14]. However,
this is an open issue on how to extend the topic model to
deal with heterogeneous data with link information.

In this work, we investigate how the topic model can help

with academic search. Specifically, we are interested in:

1. Heterogeneous topic modeling: How can we simulta-
neously model papers, authors, and publication venues
within a unified probabilistic topic model?

2. Academic search: How to apply the topic model to
academic search with better retrieval accuracy?

3. Ranking with topic model and random walk: How
can we combine the topic model with a random walk
framework to improve ranking?

We propose a probabilistic topic model for simultane-
ously extracting topics of papers, authors, and publication-
venues. We further present two methods to combine the
proposed topic models with the random walk for ranking
different objects simultaneously. Our experimental results
show that the proposed method can significantly improve
the search quality in comparison with the baseline methods.

2 Preliminary

Let a paper d contain a vector wy of Ny words, a vec-
tor a; of A, authors, and be published at the venue cg.
Then a collection of D papers can be represented as D =
{(wi,a1,¢1),---,(Wp,ap,cp)}. Table 1 summarizes the
notations used in this paper.

We introduce several related work, including: language
model [2], pLSI [6], LDA [3], and random walk [10].

Language model is one of the state-of-the-art approaches
for information retrieval. It interprets the relevance between
a document and a query word as a generative probability:

Ny tf(w,d) Ny tf(w,D)

Pluld) = 7= - 2 VAR )
where t f(w,d) is the word frequency of word w in paper
d, Np is the number of word tokens in the entire collec-
tion, and ¢ f(w, D) is the word frequency of word w in the
collection D. X is the Dirichlet smoothing factor. The prob-
ability of document d generating a query ¢ can be defined
as P(q|d) = e, P(w]d).
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Table 1: Notations.

SYMBOL | DESCRIPTION

T number of topics

D number of papers

| number of unique words

A number of unique authors

C number of unique publication venues

Ny number of word tokens in paper d

Ag number of authors in paper d

Wq vector form of word tokens in paper d

aq vector form of authors in paper d

cd the publication venue of paper d
[P the 7th word token in paper d

Zdi the topic assigned to word token wq;
Tdi the chosen author associated with the word token w4

[ multinomial distribution over topics specific to an author «

[P multinomial distribution over words specific to topic z

[ multinomial distribution over publication venues specific to topic z

«, 3, p | Dirichlet priors to multinomial distribution 6, ¢, and 1), respectively

Hofmann proposes the probabilistic Latent Semantic In-
dexing (pLSI) model [6], which assumes that there is a la-
tent topic layer Z = {21, 22, -, 27} between words and
documents. Thus, the probability of generating a word w
from a document d can be calculated using the topic layer:

P(wld) = P(w|2)P(z|d) 6)

Latent Dirichlet Allocation (LDA) [3] also models docu-
ments by using a topic layer. In LDA, for each document d,
a multinomial 6y is first sampled from a Dirichlet with pa-
rameter . Second, for each word wy;, a topic zg; is chosen
from this distribution. Finally, the word wy; is generated
from a topic-specific multinomial ¢,,,. Accordingly, the
generating probability of word w from document d is:

T
P(w|d,0,6) =Y P(wl|z,¢-)P(=]d, 6.) 3)
z=1

Several extensions to LDA have been proposed, such as
the Author-Topic (AT) model [12].

Considerable research has been conducted on analyzing
link structures of the Web, for example PageRank [10] and
HITS [7]. Many extensions of the random walk model have
been proposed, for example [9] and [15]. Much other effort
has also been made for applying the random walk ranking
model to mine the bibliography data.

3 Our Proposed Topic Models

Modeling the academic network can be done in many
different ways, for example, a separated LDA model for
each type of object [14]. However, the separated way may
result in unsatisfactory performance. Experimental results
in Section 5 confirm this assumption. Our main idea in this
work is to use a probabilistic topic model to model papers,
authors, and publication venues together.

The proposed model is called Author-Conference-Topic
(ACT) model. For simplicity, we use conference to denote
all kinds of publication venues, including conference, jour-
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Figure 1: Graphical representation of the ACT1 model.

nal, and article. Essentially, the model utilizes the topic dis-
tribution to represent the inter-dependencies among authors,
papers, and publication venues. Different strategies can be
used to implement the topic model. Specifically, we con-
sider three different types of implementations.

3.1 ACT Model 1

In the first model, the conference is associated with each
word as a stamp. For generating a word wy; in paper d, an
author z4; is first chosen uniformly to be responsible for the
word. Each author is associated with a ropic distribution.
Then a topic is sampled from the author-specific topic dis-
tribution. Finally the word and the conference stamp is gen-
erated from the chosen topic. Figure 1 shows the graphical
representation of the ACT model. Formally, the generative
process can be described as follows:

1. For each topic z, draw ¢. and ). respectively from
Dirichlet(3) and Dirichlet(u);
2. For each word wg; in paper d:

e draw an author x4; from a4 uniformly;

o draw a topic zq; from Multinomial(0.,,) specific to
author x4;, where 6 is generated from Dirichlet();

o draw a word wg; from Multinomial(¢.,,);

e draw a conference c4; from Multinomial(v-,, ).

For inference, the task is to estimate the two sets of un-
known parameters in the ACT1 model: (1) the distribution
0 of A author-topics, the distribution ¢ of 1" topic-words,
and the distribution v of T topic-conferences; and (2) the
corresponding topic z4; and author z4; for each word wy;.
We use Gibbs sampling for parameter estimation. Instead of
estimating the model parameters directly, we calculate the
posterior distribution on just x and z and then use the results
to infer 6, ¢, and v. The posterior probability is defined as:

P(zdi, Tai|Z—ai,X—ai, W, ¢, &, B, 1)
—di —di —d
My gizg; T Qg Magiwg; T Bwai Magreq T ey

S (el +a2) D (nagte 4 B) Do (nagie + pe)

where m,, is the number of times that topic z has been
associated with the author x, n,, is the number of times that
word w,, was generated by topic z, and n. is the number of
times that conference ¢ was generated by topic z; z_g4; and
X_4; represent all topics and authors assignments excluding
the i-th word in the paper d; a number with the superscript
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—di denote a quantity, excluding the current instance. «, 3,
and p are hyperparameters and were set with fixed values
(i.e., « =50/T, 3 =0.01,and u = 0.1).

During parameter estimation, the algorithm keeps track
of a A x T (author by topic) count matrix, a 7' x V (topic
by word) count matrix, and a 7' x C' (topic by conference)
count matrix. Given these three count matrices, we can eas-
ily estimate the probability of a topic given an author 0,
the probability of a word given a topic ¢.,,, and the proba-
bility of a conference given a topic ¥.:

0., — Myz + Qz brv = Nzv + Bo
xrz — £ zZv —
Zz/ (m:cz’ + az’) Zv’ (nzv’ + 61;’)
n + J
Yoo = e b ®)

Zc’ (nzc’ + /‘Lc’)

3.2 ACT Model 2 and ACT Model 3

In the second model, each topic is chosen from a multi-
nomial topic distribution specific to an author-conference
pair, instead of an author as that in ACT1. The model is
derived from the observation: authors usually first choose a
publication venue and then write the paper based on themes
of the publication venue and interests of the authors. We use
a similar method as that in ACT1 for parameter estimation.

In the third model, the conference is taken as a numeri-
cal value. Each conference stamp of a paper is sampled after
topics have been sampled for all word tokens in the paper.
Intuitively, this corresponds to a natural way to publish a pa-
per: authors first write the paper and then determine where
to publish it based on topics discussed in the paper. In this
model, the conference stamp comes from a normal linear
model. Thus, for parameter estimation, there is a slight dif-
ference from that in ACT1 and ACT2. We use a Gibbs EM
algorithm [1] [8] for inference of this model.

3.3 Applying ACT to Academic Search

Based on the ACT models, we can obtain a form of docu-
ment model using a similar equation to Equation (3). How-
ever, the learned topics by the topic model is usually gen-
eral and not specific to a given query. Therefore, only using
ACT itself for modeling is too coarse for academic search
[14]. Our preliminary experiments also show that employ-
ing only the ACT or LDA models to information retrieval
hurts the retrieval performance. In general, we would like
to have a balance between generality and specificity. Thus,
we derive a combination form of the ACT model and the
word-based language model:

P(w|d) = PL]w(w|d) X PACT(w|d) (6)
where Pr, ) (w|d) is the generating probability of word w
from paper d by the language model and P4 (w|d) is the
generating probability by the ACT model.

Similarly, we can define an author model and a confer-
ence model in an analogous way:

P(qla) = Pra(gla) x Pacr(qla) @)

Figure 2: Transition probability

P(qle) = Pru(qle) x Pacr(qlc) ®)
where in the language model, a and c is represented by a
collection of papers published by author a and a collection
of papers published on conference c.

4 Ranking with Topic Model and Random
Walk

We present two methods to integrate the proposed topic
models into the random walk framework.

The academic network is composed of three composite
networks (Figure 2). At the center is a directed graph of
paper citations G4 = (Vg, Eq4), where V; includes all pa-
pers, and the directed edge (di,d2) € Eg4q suggests the
paper d; cites the paper do. Similarly, relationships be-
tween authors and papers are modeled by a bipartite graph
Guoa = (V, U Vy, E,q) and relationships between publi-
cation venues and papers are modeled by another bipartite
graph Goq = (V. U Vy, Ecq).

We augment these different graphs to form a heteroge-
neous graph: G = (VaUV,UV,, EgqUEqUE.4). In addi-
tion, for the sake of random walk, we represent each (undi-
rected) edge in the bipartite graph as two directed edges, i.e.
{a;,d;} = (a;,d;j) U (d;,a;). Further, we define a graph
which describes the transition probability between different
types of nodes. Clearly, we need A\gq + Agq + Age = 1.
We also define A,y = A.q = 1. This transition graph for-
malizes a random surfer’s behavior as follows. The random
surfer will have the )44 probability to stay in the paper ci-
tation network, and will have Ay, and \4. probabilities to

find authors and the publication venue related to the paper.
Given this, similar to PageRank, we can define a general
form of the random walk ranking score for each node x as:

o= =0 Y AwrlblPGly) O
(2,y)€E
where |V| is the number of nodes in the network; £ is a
random jump parameter; A, is the transition probability
between the type of node y and the type of node x; P(z|y)
is the probability between two specific nodes y and x.

4.1 Combination Method 1

The first method combines the random walk ranking
score with the relevance score from the topic model by sim-
ple multiplication. Formally, given a query g, the final rank-
ing score of a paper d is the multiplication of random walk



Figure 3: Transition probability

ranking score 7[d] and the paper’s relevance score P(q|d):
R[d] = r[d] x P(q|d) (10)
Similarly, we can define the combination formulas for
conferences and authors:
Rla] = r[a] x P(qla), R[] =r[c] x P(qlc) (11
We also tried the weighted sum method for combination,
ie. R[d] =~ xr[d]+ (1 —v) x P(q|d), where v is a co-
efficient to control the strength of the two terms. It always
underperforms the method of the multiplication combina-
tion, even with different values of the coefficient .

4.2 Combination Method 2

The second method directly integrates the topic model
into the random walk. It augments the network with topic
nodes V; and a query node V.

Let Gyg = (V; U Vy, Etq) be a bipartite graph where
V, is the set of topic nodes estimated in the topic model,
and if paper d can be generated from topic z with a prob-
ability P(wg|z) > € (where € is a parameter to control the
density of the constructed network), then we have an edge
(z,d) € Eyq. Similarly, we can define edges E.; between
conferences and topics and edges F,; between authors and
topics. Furthermore, we add edges between the query node
and different other nodes (papers, authors, conferences, and

topics). Figure 3 shows the new heterogeneous network.

In this method, we consider that after the random surfer
walks to a topic node from some other node, he/she will
always walk to the (virtual) query node and then walk back
to another topic node. The transition probability between
the query and a paper/author/conference node is calculated
using the language model (e.g., Pras(¢|d)). The transition
probabilities between a topic node and the other nodes are
calculated using the topic model, i.e.,

P(zila;)P(ay)

P(zilaj) = 0a;z;, e
T

P(aj|z) =

Ng
1
P(z|d;) = i Z 0rz;,  P(djlzi) = Hp(wdi\zi)
=1

fAS: B}

P(cjlzi) P(z;)
P(cj)
P(zi|q) oc P(ql|zi)P(2i) (12)

P(cjlzi) = Yzie;,  Plzilcy) =
Pal=) = [ | P(wlzo),
weq
where 6 and ¢ are obtained from (5); P(z;), P(a;), and
P(c;) can be obtained by counting the number after Gibbs
sampling.

The method can make use of the topic distribution in the
random walk and we can also adjust the different A between
the other nodes to the topic nodes to weight how the random
walk and the topic model affect the final rank. The ranking
scores after random walk are query dependent.

S Experimental Results

We evaluated the proposed models in our developed sys-
tem ArnetMiner (http://arnetminer.org) [13].

5.1 Experimental Setting

5.1.1 Data sets

As there is no a standard data set with ground truth and also
it is difficult to create such a data set of ground truth, for
evaluation purpose, we collected 43 most frequent queries
from the query log of ArnetMiner. We divided these queries
into two sub sets and carried out two experiments.

In the first experiment, we used 7 queries and conducted
evaluation on a subset of the data (including 14,134 au-
thors, 10,716 papers, and 1,434 conference) from Arnet-
Miner. For evaluation, we used the method of pooled
relevance judgments [4] together with human judgments.
Specifically, for each query, we first pooled the top 30 re-
sults from three academic search systems (Libra, Rexa, and
ArnetMiner). Then, two faculties and five graduates from
CS provided human judgments. Four grade scores (3, 2,
1, and 0) were assigned respectively representing best rele-
vance, relevance, marginal relevance, and not relevance.

In the second experiment, we used the rest 36 queries and
conducted evaluation on the entire data of ArnetMiner (in-
cluding 448, 365 authors, 981, 599 papers, and 4, 501 con-
ferences). For evaluation, we used only the pooled rele-
vance judgments without human judgements. For pooling
purpose, we added one baseline method, i.e. BM25 [11].
Specifically, for a query, we pooled the top 30 results re-
turned by BM25, our method, and two systems: Libra and
Rexa. We define as relevance only when a candidate was
returned by at least three of the four methods.

5.1.2 Experimental Setting

In all experiments, we conducted evaluation in terms of
P@5, P@10, P@20, R-pre, and MAP [4].



We used BM25 [11], language model (LM) [2], pLSI [6],
LDA [3], and the Author-Topic (AT) model [12] as baseline
methods. BM25 is a state-of-the-art method for information
retrieval. In BM25, we used the method in [11] to calculate
the relevance of a query and a paper. For language model,
we used Equation (1) to calculate the relevance between a
query term and a paper and for pLSI, we used Equation (2)
to calculate the relevance. For LDA, we used Equation (3)
to calculate the relevance of a term and a paper. For the AT
model, we used similar equations to Equation (6) and (7)
to calculate the relevance of a query term with a paper and
an author respectively. We also compared with the results
obtained by combining LM with random walk using com-
bination method 1. We also tried to combine BM25 with
RW1. The result underperforms that of LM+RW1.

To learn the pL.SI model, we used the EM algorithm [6].
For LDA and AT, we performed model estimation with the
same setting as that for the ACT models. In the first exper-
iment, we empirically set the number of topics as 7' = 80
for all topic models. In the second experiment, we set the
number of topics as T = 200.

5.2 Experimental Results

5.2.1 Performances of the First Experiment

Table 2 shows the performance of retrieving papers, con-
ferences, and authors using our proposed methods and the
baseline methods. +RW denotes integration of a method
into the random walk. RWI1 denotes the combination
method 1, and RW2 denotes the combination method 2. We
see that our proposed topic models outperform all the base-
line methods (BM25, LM, pLSI, LDA, and AT). We can
also see that ACT1+RW1 achieves the best performance in
terms of all evaluation measures.

5.2.2 Performances of the Second Experiment

In the second experiment, we evaluated the results of our
best approach (ACT1+RW1), one baseline method: BM25,
and the two systems: Libra and Rexa. (Rexa only has pa-
per and author search.) Table 3 shows the performance of
the four methods. We see that our proposed method outper-
forms the baseline method and the two systems.

5.3 Discussion

(1) Our proposed methods for academic search signifi-
cantly outperform the baseline methods. We see from both
Table 2 and Table 3 that ACT1+RW1 achieves the best per-
formance. This indicates that the proposed approach indeed
improves the quality of academic search.

(2) We see that by combining the topic models with ran-
dom walk, we can significantly enhance the ranking perfor-

Table 2: Performance of academic ranking approaches (%).

Method Object | P@5 | P@10 | P@20 | R-pre | MAP
Paper 429 45.7 414 12.0 47.2

BM?25 Author 77.1 47.1 26.4 67.5 85.5
(Conference| 51.4 38.6 229 48.8 66.0

Average 57.1 43.8 30.2 42.8 66.2

Paper 40.0 38.6 37.1 10.0 46.4

LM Author 65.7 443 25.0 58.8 73.4
(Conference| 51.4 329 21.4 47.6 63.1

Average 52.4 38.6 279 38.8 61.0

Paper 62.9 55.7 443 12.9 65.3

Author 71.4 48.6 25.7 64.6 83.8

LM+RWL e onference| 600 | 357 | 221 | 536 | 646
Average 64.8 46.7 30.7 43.7 71.2

Paper 325 33.8 30 9.7 40.4

pLSI Aqthor 65.0 40.0 22.5 60.4 75.5
(Conference| 47.5 36.3 213 45.1 54.1

Average 48.3 36.7 24.6 38.4 56.7

LDA Paper 31.4 48.6 429 13.5 45.8
Paper 429 48.6 429 13.1 49.3

AT Author 82.9 45.7 25.7 73.5 78.1
Average 62.9 47.1 343 433 63.7

Paper 429 45.7 43.6 16.6 51.0

ACTI Author 91.4 50.0 26.4 80.0 89.6
(Conference| 62.9 41.4 23.6 60.7 72.3

Average 65.7 45.7 31.2 52.4 71.0

Paper 68.6 61.4 50.7 17.1 66.6

Author 80.0 51.4 27.1 77.6 87.4

ACTI+RWHe nference| 629 | 429 | 236 | 595 | 720
Average 70.5 51.9 33.8 514 75.4

Paper 45.7 40.0 38.6 13.4 52.2

Author 71.4 443 243 65.4 71.5

ACTIHRW2 i nference| 514 | 329 | 200 | 536 | 60.7
Average 56.2 39.1 27.6 44.1 61.4

Paper 429 47.1 39.3 15.0 47.7

ACT2 Author 74.3 50.0 25.7 69.4 80.1
(Conference| 54.3 41.4 22.1 54.2 63.9

Average 57.1 46.2 29.1 46.2 63.9

Paper 62.9 58.6 48.6 16.9 63.5

Author 77.1 50.0 26.4 69.4 82.8

ACTZHRWL hference| 600 | 400 | 23.6 | 554 | 658
Average | 66.7 49.5 329 47.2 70.7

Paper 40.0 41.4 40.0 13.5 47.3

Author 74.3 429 243 63.6 722

ACT2HRW2Ic o nference| 514 | 329 | 221 | 500 | 63.1
Average 55.2 39.1 28.8 42.4 60.9

Paper 429 38.6 41.4 17.1 47.0

ACT3 Author 71.4 47.1 25.7 70.0 78.7

N (Conference| 57.1 38.6 23.6 58.3 65.7
Average | 57.1 41.4 30.2 48.5 63.8

Paper 65.7 54.3 49.3 19.5 63.0

Author 77.1 50.0 26.4 74.8 84.0

ACT3+RWHe nference| 60.0 | 414 | 236 | 554 | 660
Average 67.6 48.6 33.1 49.9 71.0

Paper 40.0 38.6 38.6 14.0 47.4

Author 74.3 41.4 243 63.6 72.0

ACT3HRW2c nference| 543 | 329 | 221 | 500 | 626
Average | 56.2 37.6 28.3 42.5 60.7

Table 3: Performance of academic ranking approaches (%).

Method Object P@5 | P@10 | P@20 | R-pre | MAP
Paper 393 35.7 31.6 30.9 46.7

Author 457 37.9 30.7 33.6 50.6

ACTIHRWL conference | 48.6 | 418 | 309 | 474 | 529
Average 445 385 31.1 373 50.1

Paper 41.4 35.0 33.2 31.7 49.1

BM?25 Al{thor 43.6 33.2 29.3 27.9 51.9
Conference | 41.4 339 28.9 36.9 46.0

Average 42.1 34.0 30.5 32.2 49.0

Paper 35.0 26.1 24.1 232 38.0

Libra Author 37.1 30.7 27.9 21.8 44.8
Conference | 48.6 37.5 29.5 473 574

Average 40.2 314 27.1 30.8 46.7

Paper 27.9 21.1 15.4 20.9 38.9

Rexa Author 243 19.6 15.9 17.3 30.1
Average 26.1 20.4 15.6 19.1 34.5




mance (+4.4%, +6.8%, and +7.2% respectively for ACT1,
ACT?2, and ACT3 in terms of MAP).

We have also observed a surprising result: the first com-
bination method uses the simple multiplication to combine
the relevance scores by the topic model with the score from
the random walking model while the second method inte-
grates the topic model directly into the random walk. Intu-
itively, the second combination method seems to work in
a more “elegant” way and would have resulted in a bet-
ter performance. However, results in Table 2 show that
the first simple combination method obtains significant im-
provements while the second combination method hurts the
retrieval performance (e.g., -9.6% for ACT1 when combin-
ing random walk using the method 2).

Further analysis shows that the second combination
method integrates the topic model into each step in the ran-
dom walk, which leads to too many parameters to tune. For
example, there are eighteen A needed to tune (cf. Figure 3).
It is hard to find a best setting for all the parameters.

(3) We can also see from Table 2 that the proposed dif-
ferent topic models perform different behaviors, but ACT1
performs the best either with (+4.7% than ACT?2 and +4.4%
than ACT3 in terms of MAP) or without the random walk
(+7.1% than ACT?2 and +7.2% than ACT3 by MAP).

With a further analysis, we found that the sampling pro-
cess of ACT2 results in a very huge and sparse (author-
conference-pair by topic) count matrix of AC x T', which is
scaled up to 10million rows. The problem of ACT3 might
be that we take the conference stamp as a numerical value,
which makes it not accurate enough to describe the confer-
ence information of discrete value. How to accurately cap-
ture the conference information in the topic model is also
one of our ongoing research issues.

(4) Experiments (cf. Table 3) show that our approach
outperforms the existing academic search systems Libra
(+3.4% in terms of average MAP) and Rexa (+15.6% by
average MAP). The reasons include: (1) Rexa only sup-
ports paper search and author search, thus cannot make use
of dependencies between authors, papers, and conferences;
(2) Libra supports search of the three objects. However,
its ranking is based on the language model and the PageR-
ank method [9]. Again, it cannot make use of the semantic
(topic-level) dependencies between different objects.

6 CONCLUSION

In this paper, we investigate the problem of modeling
heterogeneous academic network using a unified probabilis-
tic model. We present three topic models for simultane-
ously modeling papers, authors, and publication venues.
We further propose two methods to combine the proposed
topic models with the random walk framework for academic

search. Experimental results show that our approach outper-
forms the baseline methods and the existing systems.

Our proposed approach is very general and flexible. The
topic model can be implemented in many other ways and the
random walk can run in either an offline mode or an online
mode. Variations of the approach can be applied to many
other applications such as social search and blog search.
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